Introduction {#sec1}
============

Coronary artery disease, mainly via acute myocardial infarction (MI) and consequent heart failure, is a leading cause of morbidity and mortality worldwide. Due to the extremely limited regenerative capacity of cardiomyocytes, cardioprotection against ischemia or ischemia and reperfusion (I/R) injury is critical to salvaging ischemic myocardium. MicroRNA (miRNA) regulation is emerging as a promising therapeutic target. miR-221 is a well-known onco-miRNA promoting cell survival in tumorigenesis.[@bib1] The dysregulation of miR-221 has been reported in numerous clinical studies. Circulating miR-221 was found to be elevated in patients with acute MI.[@bib2] In myocardial biopsies from patients of dilated cardiomyopathy, significant loss of miR-221 was associated with cardiac fibrosis.[@bib3] Loss of miR-221 in atheroma might cause plaque rupture in the atherosclerotic patients.[@bib4] Serum miR-221 is lower in patients with spinal cord I/R, and miR-221 mimics protect neuronal cells against I/R-induced inflammation and apoptosis.[@bib5] These data suggest that miR-221 might be an important regulator of cell survival in cardiovascular diseases.

An early study of cardiac progenitor cell transplantation included miR-221 in a cocktail of three miRNA mimics, and it demonstrated pro-survival effects on the engrafted stem cells.[@bib6] However, the underlying mechanisms remain unexplored. Our previous work demonstrated miR-221 is upregulated by two different cardioprotective drugs, suggesting that upregulation of miR-221 might mediate aspects of cardioprotection. *In vitro* studies using miR-221 mimic transfection demonstrated improved cardiomyocyte survival after hypoxia and reoxygenation (H/R). Cardiomyocyte apoptosis was reduced through miR-221 targeting of pro-apoptotic genes of the bcl-2 family.[@bib7] miR-221 also directly targets Ddit4 and Tp53inp1, offering cardioprotection through an anti-autophagic mechanism.[@bib8] Consistent with our findings, other investigators have demonstrated that miR-221 protects cardiac myocytes by targeting PUMA.[@bib9] Constitutive cardiac-specific overexpression of miR-221 inhibits autophagy through targeting the p27/mammalian target of rapamycin (mTOR) pathway. Notwithstanding these findings, they believe that this regulation is associated with cardiac hypertrophy.[@bib10] In contrast to the abundant *in vitro* data, the cardiac therapeutic potential of miR-221 has not been investigated in models of MI *in vivo*.

Compared to cardiomyocytes, the role of cardiac fibroblasts (cFBs) in the response to cardiac ischemic injury is controversial. It is generally believed that cFBs produce extracellular matrix (ECM) and play a critical role in wound healing after myocardium infarction. Blockade of an appropriate fibrotic response may cause cardiac rupture after acute MI.[@bib11] Preservation of fibroblasts through the inhibition of apoptosis in the infarct area ameliorates post-MI remodeling and promotes functional recovery.[@bib12] Phagocytosis of dead myocytes by cFBs is beneficial in post-MI repair.[@bib13] However, many studies show that anti-fibrotic therapy may offer benefits by opposing excessive fibrosis and the associated increased wall stiffness, loss of normal systolic and diastolic functions, and consequent progression to heart failure.[@bib14], [@bib15], [@bib16], [@bib17] Although there is a knowledge gap in the post-MI cFB function, it is believed that post-MI cFBs proliferate and transdifferentiate into myofibroblasts (myoFBs), which exhibit dynamic phenotypical alterations.[@bib18] The sensitivity of cFBs in responding to environmental stresses creates certain difficulties for the study of cFBs *ex vivo*.[@bib18], [@bib19] We have characterized cFB responses to different stimuli *ex vivo*, and we developed comprehensive standardized protocols to quantify cFB phenotypical changes.[@bib20] This previous work led us to investigate the roles of cFBs in miR-221-mediated effects both *in vitro* and in myocardial repair following infarction.

In this study, we found that miR-221 enhances cardiomyocyte survival through the inhibition of apoptosis and autophagy via actions upon P53 (*Tp53* gene), Bak1, and Ddit4, respectively. It protects cFBs through the inhibition of autophagy by targeting Ddit4 only. Strikingly, it preserves cFBs through the inhibition of autophagy, without exaggerating injury-stimulated cardiac fibrosis in the infarct zone or adverse fibrosis in the peri-infarct zone. The net effect of miR-221 is to ameliorate adverse post-ischemic left ventricle (LV) remodeling and preserve cardiac function. Our results also support the important concept that miRNA effects are cell type and condition dependent. Better understanding of these phenomena and their underlying mechanisms will help to optimize the therapeutic potential and minimize the off-target effects of manipulating miR-221.

Results {#sec2}
=======

miR-221 Protects H9c2 against H/R through the Inhibition of Apoptosis {#sec2.1}
---------------------------------------------------------------------

miR-221 protected H9c2 against H/R injury, as indicated by increased cell number, reduced lactate dehydrogenase (LDH) release, and decreased apoptosis, and it prevented the loss of mitochondrial membrane potential (MMP) ([Figures 1](#fig1){ref-type="fig"}A--1C). miR-221 significantly downregulated total P53 protein expression and phosphorylation at serine46 (P-P53 Ser46) in both normoxia and H/R ([Figure 1](#fig1){ref-type="fig"}D). However, *Tp53* mRNA expression was unchanged by miR-221 ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Although not predicted as a target for miR-221 (<http://mirdb.org>), *p53* has two potential unconventional binding sites (BS1 and BS2) for this miRNA. Psicheck2 luciferase reporter activity of *p53* 3′ UTR was suppressed by miR-221 mimics, supporting a direct targeting of miR-221 to the *p53* 3′ UTR ([Figures 1](#fig1){ref-type="fig"}E and 1F). Mutagenesis of either or both of the binding sites confirmed a specific role of BS1, but not BS2, as critically responsible for this interaction ([Figures 1](#fig1){ref-type="fig"}E and 1F).Figure 1miR-221 Protects H9c2 against H/R through the Inhibition of ApoptosisH9c2 cells were transfected with miR-221 mimic or control (miR-221 and MC) and subjected to 16-h hypoxia followed by 2-h reoxygenation (H/R). (A) Phase-contrast images of H9c2 cells at the end of H/R. Scale bar, 100 μm. Cell injury was measured by cell number count and lactate dehydrogenase (LDH) release. (B) Cell apoptosis was assessed by Annexin V and 7-AAD double staining followed by flow cytometry measurements. Representative apoptosis profiles are shown for each group. Results are expressed as the percentage of cells in each quadrant. (C) Mitochondrial membrane potential (MMP) was measured by MMP-activated fluorescence dye staining and flow cytometry analysis. Results are expressed as the percentage of depolarized cells. (D) Western blot of P53 phosphorylated at Serine 46 (P-P53 Ser46), total P53 (T-P53), and the loading control β-actin. (E) Putative miR-221-binding sites in the *p53* 3′ UTR and their mutations. (F) Luciferase reporter assay using co-transfection of the psicheck2 dual luciferase reporter plasmid carrying the specified 3′ UTR inserts and miR-221 mimics or mimic control. Sensor, a miR-221 complementary sequence, was used as a positive control. Results were expressed as Renilla:Firefly luminescence ratios normalized to empty vector control. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus MC. n = 3 in triplicates.

miR-221 Protects cFBs against H/R Injury through the Inhibition of Autophagy {#sec2.2}
----------------------------------------------------------------------------

Similar experiments with miR-221 were performed in cFBs. miR-221 increased cell number and reduced LDH release ([Figure 2](#fig2){ref-type="fig"}A), but it did not reduce apoptosis ([Figure 2](#fig2){ref-type="fig"}B). miR-221 did not downregulate the expressions of *Tp53* mRNA ([Figure S1](#mmc1){ref-type="supplementary-material"}B), protein, or P-P53 Ser46 in cFBs ([Figure 2](#fig2){ref-type="fig"}C). Previously reported pro-apoptotic genes of Bak1, Puma, and Bmf[@bib7], [@bib21], [@bib22] were examined in cFBs; miR-221 did not downregulate them at the protein level under normoxia and H/R conditions ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D).Figure 2miR-221 Protects cFBs against H/R Injury through the Inhibition of AutophagyAdult rat cardiac fibroblasts (cFBs) were transfected with miR-221 mimic or control (miR-221 and MC) and subject to 24-h hypoxia followed by 2-h re-oxygenation (H/R). (A) Phase-contrast images of cFBs at the end of H/R. Scale bar, 100 μm. Cell injury was measured by cell number count and lactate dehydrogenase (LDH) release. (B) Cell apoptosis was assessed by Annexin V and 7-AAD double staining followed by flow cytometry measurements. Representative apoptosis profiles are shown for each group. Results are expressed as the percentage of cells in each quadrant. Western blot to detect (C) P53 phosphorylated at Serine 46 (P-P53 Ser46) and total P53 (T-P53); (D) P62, LC3-I, and LC3-II; and (E) TP53INP1 and DDIT4. The expressions were normalized to their loading control of β-actin.\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus MC. n = 3 in triplicates.

As the anti-autophagic role of miR-221 in the protection of cardiomyocytes has been reported previously,[@bib8] we investigated autophagy in cFBs. The activation of autophagy, as signaled by an increased LC3-II:I ratio and decreased P62, was induced by H/R. miR-221 suppressed the increase in LC3-II:I ratio, an indication of reduced autophagosome formation ([Figure 2](#fig2){ref-type="fig"}D). The protein expressions of TP53INP1 and DDIT4, direct targets of miR-221, were upregulated under H/R and significantly suppressed by miR-221 ([Figure 2](#fig2){ref-type="fig"}E). The mRNA expressions of *Tp53inp1* and *Ddit4* were downregulated by miR-221 as well ([Figure S2](#mmc1){ref-type="supplementary-material"}A). An autophagy inhibitor, 3-methyladenine (3-MA), was similarly protective as miR-221 against H/R injury ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Overexpression of DDIT4 in cFBs exacerbated H/R injury, as indicated by a further reduction in cell number. Overexpression of TP53INP1 had no obvious impact ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D).

miR-221 Inhibits myoFB Activation and Collagen Synthesis {#sec2.3}
--------------------------------------------------------

While miR-221 increased cFB number, with respect to fibrotic effects, mRNA expression and protein levels of α-smooth muscle actin (α-SMA), a myoFB activation marker, were significantly downregulated by miR-221 ([Figures 3](#fig3){ref-type="fig"}A and 3B). This is consistent with published results.[@bib3] Accordingly, miR-221 reduced gel contraction, an indication of cFB-mediated mechanical contraction ([Figure 3](#fig3){ref-type="fig"}C). miR-221 downregulated gene expressions of collagen type I (*Col1a1* and *Col1a2*) and type III (*Col3a*) and fibronectin (*Fn1*) and its fibrotic isoform with extra domain A (*Fn-EDA*), and it inhibited collagen synthesis ([Figures 3](#fig3){ref-type="fig"}D and 3E). This effect was supported by reduced P-SMAD2/3 (Ser 423/425). miR-221 did not affect the expressions of total Smad2/3 at the mRNA and protein levels. ([Figures 3](#fig3){ref-type="fig"}F and 3G).Figure 3miR-221 Inhibits myoFB Activation and Collagen SynthesisAdult rat cFB was serum starved for 24 h, then transfected with miR-221 mimic or control (miR-221 and MC) and incubated for a specified period of time. (A) qRT-PCR and (B) western blot measurements of α-SMA mRNA and protein expressions. (C) Collagen gel contraction was measured as the percentage reduction of gel area over the culture surface after 48-h pre-stress and 48-h free contraction. (D) qRT-PCR measurement of mRNA expression of collagen I (*Col1a1* and *Col1a2*), collagen III (*Col3a*), fibronectin (*Fn1*), and its extra domain A isoform (*Fn-EDA*). (E) Sircol collagen assay of cFB supernatants 7 days after mimic transfection. (F) qRT-PCR and (G) western blot measurement of Smad2 and Smad3 mRNA and protein expressions. Antibodies recognized phosphorylated (P-SMAD2/3, Serine 423/425) and total (T-SMAD2/3), respectively. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus MC. n = 3 in triplicates.

miR-221 Reduces Apoptosis and Attenuates Autophagy at Day 2 Post-MI {#sec2.4}
-------------------------------------------------------------------

At 2 days post-MI and miR-221 mimic injection, miR-221 levels were upregulated by ∼15-, 14-, and 8-fold in infarct, border, and remote areas, respectively, compared to MI control ([Figure 4](#fig4){ref-type="fig"}A). Notably, compared to sham, the endogenous expression of miR-221 was elevated in the infarct and border areas but unchanged in the remote myocardium. Our *in vitro* data indicated that miR-221 was enriched in cFBs compared to cardiomyocytes (data not shown), and whether its observed upregulation post-MI was induced by ischemia or reflected change in cell type composition was uncertain.Figure 4miR-221 Reduces Apoptosis and Attenuates Autophagy at Day 2 Post-MIRats with myocardial infarction (MI) received 1 mg/kg miR-221 mimic or PBS injection (miR-221 or MI +miR-221 and MI-Ctrl) right after MI. Hearts were harvested 48 h later, and they were dissected according to infarct, border, and remote areas. RNA and protein were extracted for analysis. (A) miRNA Taqman qPCR measurement of miR-221 levels in different regions. Western blot and densitometry for (B) blots, (ii) cleaved caspase-3, (iii) P53 phosphorylated at Serine 46 (P-P53 Ser46) and total P53 (T-P53); (C) P62 and LC3-I and LC3-II; and (D) TP53INP1 and DDIT4. β-actin was used as a loading control. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus sham; \#p \< 0.05, \#\#p \< 0.01 versus MI-Ctrl. n = 5 each group.

Cleaved Caspase-3 was readily detected in MI hearts, indicating activated apoptosis. With miR-221 treatment, cleaved Caspase-3 was significantly reduced ([Figure 4](#fig4){ref-type="fig"}B, i and ii). *Tp53* mRNA ([Figure S3](#mmc1){ref-type="supplementary-material"}A) and P-P53 were significantly upregulated in infarct tissue. miR-221 treatment did not alter mRNA levels, but it significantly reduced the P-P53 and T-P53 protein levels ([Figure 4](#fig4){ref-type="fig"}B, i and iii). miR-221 dramatically reduced LC3-II in the infarct area, indicating the inhibition of autophagy. No parallel accumulation of P62 was observed; instead it was decreased ([Figure 4](#fig4){ref-type="fig"}C). In the peri-infarct border zone, LC3-I and P62 were significantly increased by miR-221, a sign of inhibited autophagy. No significant changes were detected in the remote area ([Figure 4](#fig4){ref-type="fig"}C). In the infarct area, DDIT4 was significantly reduced by miR-221, but TP53INP1 was not changed ([Figure 4](#fig4){ref-type="fig"}D). Gene expression of *Ddit4* showed a trend toward downregulation ([Figure S3](#mmc1){ref-type="supplementary-material"}B).

Previously reported miR-221 targets were tested in the *in vivo* heart. miR-221 only downregulated the mRNA and protein expressions of BAK1 in the infarct area. Protein levels of BMF and PUMA were unchanged ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B).

miR-221 Reduces Post-infarct Fibrosis and Inhibits myoFB Activation Post-MI {#sec2.5}
---------------------------------------------------------------------------

As early as 2 days after MI, *Col1a1* mRNA expression was significantly increased by ∼14- and ∼8-fold in infarct and border zones versus sham ([Figure 5](#fig5){ref-type="fig"}A). This change was significantly suppressed by miR-221. Concurrently, transforming growth factor β (TGF-β)-signaling P-SMAD2/3 was upregulated in the infarct zone, which was also inhibited by miR-221 ([Figure 5](#fig5){ref-type="fig"}B, ii and iii). Changes of *Smad2/3* mRNA and total protein in the heart were not significant ([Figure 5](#fig5){ref-type="fig"}B, i and ii).Figure 5miR-221 Reduces Post-infarct Fibrosis and Inhibits myoFB Activation at Days 2 and 7 Post-MIRats with MI received 1 mg/kg miR-221 mimic or PBS injection right after coronary artery ligation and were harvested at day 2 post-MI, or they received another injection after 72 h and were harvested at day 7 post-MI (miR-221 or MI +miR-221 and MI-Ctrl). qRT-PCR measurements of (A) *Col1a1* mRNA and (B, i) *Smad3* mRNA; (B, ii and iii) western blot measurement of SMAD2/3 at day 2 post-MI. (C) miRNA Taqman qPCR measurement of miR-221 levels at day 7 post-MI. (D) Picro-sirius red staining to quantify tissue collagen content at day 7 post-MI. Representative images of heart cross-sections are shown for each group. Results are expressed as the percentage of positive staining over the area of LV. (E) Immunohistochemistry with anti-α-SMA (green) and DAPI (blue) nuclei staining at day 7 post-MI. Scale bar, 150 μm. Results are expressed as the percentage of α-SMA^+^ cells over the total number of nuclei. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus sham; \#p \< 0.05 versus MI-Ctrl. n = 4, 6, and 4 for sham, MI-Ctrl, and MI +miR-221, respectively.

At day 7 post-MI, levels of miR-221 remained high with miR-221 treatment, ∼2-fold and ∼1.5-fold in the infarct and border zones versus MI control (Ctrl), respectively ([Figure 5](#fig5){ref-type="fig"}C). Collagen deposition was significantly decreased by miR-221 (11.2% ± 4.3% versus 18.5% ± 3.0% MI-Ctrl of LV area, p \< 0.05; [Figure 5](#fig5){ref-type="fig"}D). α-SMA^+^ myoFBs were abundant in the infarct and border zones and somewhat increased in the remote zone as well. α-SMA^+^ myoFBs were clearly reduced by miR-221 in all areas ([Figure 5](#fig5){ref-type="fig"}E). Areas were demarcated by intact cardiomyocyte morphology from a bright-field image ([Figure S5](#mmc1){ref-type="supplementary-material"}A). Accumulation of fibrosis was not apparent in remote myocardium at this time frame ([Figure S5](#mmc1){ref-type="supplementary-material"}B).

miR-221 Reduces MI, Attenuates LV Remodeling, and Improves LV Function at Days 7 and 30 Post-MI {#sec2.6}
-----------------------------------------------------------------------------------------------

At day 7 post-MI, infarcted hearts showed a striking loss of myocardium reflected in reduced wall thickness. Tissue loss was significantly ameliorated by miR-221 ([Figure 6](#fig6){ref-type="fig"}A). Echocardiography corroborated significantly greater wall thickness (systolic and diastolic) in the infarct zone with miR-221 treatment. Non-infarcted wall thickness (septum) was unchanged. The post-MI enlargement of the LV chamber size (LV internal dimensions \[LVIDs\]) was partially prevented by miR-221. miR-221 treatment significantly improved ejection fraction (EF) compared to MI-Ctrl ([Figure 6](#fig6){ref-type="fig"}B).Figure 6miR-221 Attenuates LV Remodeling and Improves LV Function at Day 7 Post-MIRats with MI received 1 mg/kg miR-221 mimic or PBS injections right after and 72 h post-MI. Hearts were harvested at day 7 post-MI for histological analysis. LV function was measured by echocardiography. (A) Masson trichrome staining of heart cross-sections. Representative images are shown for each group. Infarct area was measured as the percentage of blue + purple staining over the area of LV. (B) Ejection fraction (EF), LV internal dimension (LVID) at systole (s), and infarct and septum thickness at diastole (d) and systole (s), as measured by echocardiography. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus sham; \#p \< 0.05, \#\#p \< 0.01 versus MI-Ctrl. n = 4, 6, and 4 for histology; n = 10, 15, and 11 for echocardiography, for sham, MI-Ctrl, and MI +miR-221, respectively.

At day 30 post-MI, the accumulation of LV fibrosis was pronounced in the control MI hearts, and it was significantly suppressed by miR-221 in both infarct and border zones ([Figure 7](#fig7){ref-type="fig"}A, i--iii). Importantly, fibrosis also accumulated in remote myocardium, and this increase was also abrogated by miR-221 ([Figure 7](#fig7){ref-type="fig"}A iii and iv). LV catheterization demonstrated that miR-221 significantly improved contractility (LV developing pressure \[LVDP\]) and relaxation (±dP/dt and Tau) and reduced end diastolic pressure (EDP) ([Figure 7](#fig7){ref-type="fig"}B). Two-way ANOVA repeated measurement with Bonferroni adjustment indicated a significant improvement of cardiac performance over the 30 days post-MI by echocardiography assessment ([Figure S6](#mmc1){ref-type="supplementary-material"}). Capillary density at day 30 post-MI was assessed by isolectin B4 staining ([Figure S7](#mmc1){ref-type="supplementary-material"}).Figure 7miR-221 Attenuates LV Remodeling and Improves LV Function at Day 30 Post-MIRats with MI received 1 mg/kg miR-221 mimic or PBS injections right after and 72 h post-MI. At day 30 post-MI, LV function was measured terminally by LV catheterization and heart tissues were harvested for histology. (A) Picro-sirius red staining of collagen. (i) Complete cross-sections of representative hearts. (ii) Quantification of collagen content over the area of LV. (iii) Representative images of infarct, border, and remote areas. Scale bar, 200 μm. (iv) Quantification of collagen content in the remote areas. (B) (i) Representative Labchart data acquisition: upper panel, right carotid artery blood pressure and LV developing pressure; lower panel, ±dP/dt. (ii) LVDP, left ventricle developing pressure; EDP, end diastolic pressure (EDP); ±dP/dt, maximum and minimum pressure changes. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 versus sham; \#p \< 0.05 versus MI-Ctrl. n = 6, 7, and 7 for sham, MI-Ctrl, and MI +miR-221, respectively.

Discussion {#sec3}
==========

We have undertaken a multi-faceted investigation of the mechanisms underlying cardioprotection from miR-221 by comparing myocyte versus cFB and normoxia versus H/R in both *in vitro* and *in vivo* settings. Our results clearly demonstrate that gene regulation by miR-221 is cell type and condition dependent, with results observed *in vitro* not necessarily translating to *in vivo* effects. miR-221 enhances cardiomyocyte survival through both reduced apoptosis and autophagy and cFB survival through reduced autophagy alone. miR-221 increases cFB survival while inhibiting the expression of α-SMA and gel contraction, expression of collagen genes, and collagen secretion. In a rat MI model, miR-221 mimics reduce infarct size and cardiac fibrosis in the infarct zone and adverse fibrosis in the peri-infarct zone, with amelioration of adverse LV remodeling and preservation of cardiac function. The novel findings are as follows: (1) miR-221 significantly inhibits P53 phosphorylation at Ser46 and downregulates P53 expression through direct binding to the 3′ UTR of p53; (2) regulation of P53 and Bak1 along with anti-apoptotic effects of miR-221 occur in myocytes, but not in cFBs; and (3) aspects of the cFB phenotype are differentially regulated by miR-221, with increased cFB survival but less myoFB activation and reduced collagen secretion producing a net anti-fibrotic effect.

miR-221 significantly inhibited ischemia-induced apoptosis both *in vitro* and *in vivo*. Puma, Bmf, and Bak1 are known as pro-apoptotic factors,[@bib21], [@bib22] and our earlier work indicated that the anti-apoptotic effect of miR-221 reflected the downregulation of these genes in cardiac myocytes.[@bib8] Here we could only confirm the downregulation of Bak1, but not Puma and Bmf, by miR-221 in the post-MI heart. Therefore, other anti-apoptotic mechanisms of miR-221 might be involved in cardioprotection.

Surprisingly, miR-221 significantly suppressed total P53 in H9c2 and in cardiac infarcts at day 2 post-MI. As P53 is not an *in silico*-predicted target of miR-221 (<http://www.targetscan.org/vert_72/>; <http://www.mirdb.org/>), we undertook manual alignment of the miR-221 seed sequence with P53 3′ UTR, which clearly indicated two possible binding sites with low energy scores of −10.63 and −9.14 kcal/mol. This method has been used previously to discover potential RNA-RNA interactions based on binding energy.[@bib23] Subsequently, our luciferase reporter assay demonstrated a direct interaction between miR-221 and the P53 3′ UTR. A similar situation has been reported with miR-150 targeting CXCR4.[@bib24] Mutagenesis of the two binding sites of the P53 3′ UTR reinforced that binding site 1 is crucial for miR-221 and P53 3′ UTR interaction. For the first time we have demonstrated P53 to be a direct target of miR-221. Downregulation by miR-221 was evident at the protein rather than the mRNA level. Discrepancy in mRNA and protein abundance has been frequently observed, with mechanisms usually remaining elusive.[@bib25] It was demonstrated that a perfect complementary sequence binding between the miRNA seed region and the 3′ UTR leads to mRNA degradation, while the non-perfect binding usually leads to transcriptional suppression.[@bib26]

P53 is a well-known tumor suppressor through the regulation of cell-cycle arrest and apoptosis.[@bib27] Total P53 expression and activation of P53 phosphorylation at Ser46 increases in cardiac ischemia[@bib28] and in human failing myocardium.[@bib29] Genetic knockdown of P53 expression in the heart increases survival after MI due to the inhibition of apoptosis.[@bib30] Consistent with this background information, we found that P-P53 Ser46 was significantly increased in H9c2 following H/R and in infarcted myocardium at day 2 post-MI. miR-221 reduced both total P53 and P-P53 Ser46. It is reported that the translocation of P-P53 Ser46 to the mitochondrial membrane causes cytochrome *c* leakage and caspase activation.[@bib31] P53 promotes MPP by forming complexes with anti-apoptotic Bcl-XL and Bcl-2 proteins.[@bib32] Bak1, a known pro-apoptotic regulator, undergoes conformation changes and oligomerization on the mitochondrial outer member upon ischemic stress. This change leads to apoptosis.[@bib33] This working hypothesis is strongly supported by the results that miR-221 significantly reduces the loss of MMP under H/R. Taken together, these data suggest that miR-221 reduces apoptosis through the inhibition of P53 and Bak1. Another group has reported that miR-221 has pro-proliferative, pro-migration, and anti-apoptotic effects on vascular smooth muscle cells, with the opposite effects on endothelial cells.[@bib34]

cFBs actively proliferate upon stimulation. It was believed cFBs accumulating in infarcts were transdifferentiated and migrated from multiple sources, e.g., bone marrow-derived progenitors, epicardial cells, endothelial cells, pericytes, and resident cFBs.[@bib35], [@bib36] With the advance of *in vivo* lineage-tracing techniques, now it is clear that myoFBs in the infarct zone are mainly derived from resident cFBs.[@bib19], [@bib37], [@bib38] Therefore, the enhanced survival of residential cFBs in infarcted hearts is important. As reported previously, miR-221 inhibits autophagy in cardiomyocytes through directly targeting Ddit4 and Tp53inp1.[@bib8] In an *in vitro* cFB H/R model, we observed that miR-221 significantly downregulated the expressions of Ddit4 and Tp53inp1 at both the mRNA and protein levels. Accordingly, the overexpression of Ddit4 was detrimental to cFBs under I/R, while Tp53inp1 had no effect. Importantly, Ddit4 expression in the infarct area at day 2 post-MI was greatly inhibited by miR-221, while Tp53inp1 was unaffected. These data strongly support the proposition that miR-221 targeting of Ddit4 plays a major role in the inhibition of autophagy. This finding is consistent with another group's work in which the overexpression of miR-221 reduced autophagy flux in the heart.[@bib39] Although we did not observe both reduced ratio of LC3-II:I along with increased P62 in cultured cFBs and MI heart, we repeatedly observed the inhibition of LC3-II by miR-221. Taken together, we concluded that the anti-autophagic effect of miR-221 is due to direct targeting of Ddit4. We therefore suggest that miR-221 protects cFBs from ischemic death due to the inhibition of autophagy.

An important question to be addressed is whether an increased cFB number could at some point promote adverse cardiac fibrosis and, therefore, impair cardiac functional recovery. Many publications report concurrent changes in cFB proliferation, myoFB activation, and collagen synthesis. For example, miR-125a positively regulates while miR-101a negatively regulates cFB numbers, myoFB activation, and collagen synthesis.[@bib40], [@bib41], [@bib42] Whether miR-221 could preserve cFBs via increased cell survival as indicated in *in vitro* study, it is clear that miR-221 is anti-fibrotic via the suppression of myoFB activation and reduced collagen secretion. MI-induced adverse cardiac fibrosis is associated with progression to heart failure and an increased incidence of arrhythmias.[@bib43] miR-221 reduced myoFB activation in the infarct, peri-infarct, and remote myocardium as early as day 7 post-MI. It inhibited fibrosis in the infarct area and interstitial fibrosis in the remote zone at day 30 post-MI. With this improved cardiac remodeling, miR-221 improved cardiac contractility and relaxation. The differential regulation of cFB phenotype is a novel and under-appreciated phenomenon. On careful review of the literature, we found one study showing that cFB-specific p38α deletion could dramatically inhibit myoFB activation and reduce cardiac fibrosis while increasing cFB proliferation.[@bib38]

Interesting observations in this study warrant further studies. With miR-221 mimic treatment, miR-221 increased in all areas in the heart but accumulated preferentially in the infarct area. The underlying mechanisms are unknown. A recent study demonstrated that anti-miR-92a delivered *in vivo* is largely taken up by macrophages.[@bib44] We postulate that the increase of miR-221 in the infarct and border might be caused by an accumulation of macrophages and a change in cellular composition. The regulation of T-P53 expression and P-P53 at Ser46 by miR-221 was only observed in myocytes and not in cFBs. Context- and cell type-dependent miRNA function has been observed by other groups.[@bib34], [@bib45] The mechanisms are unknown. Cell type- and condition-dependent miRNA effects and differentially regulated cFB phenotype warrant further in-depth investigation. A full understanding of the mechanisms will help to optimize the therapeutic potential of miRNA treatments and minimize the off-target effects. Smad-3 phosphorylation is the key step in TGF-β-signaling activation leading to fibrosis.[@bib46], [@bib47] Our results showed that miR-221 significantly inhibited the phosphorylation of Smad-3 in cFBs and MI heart. Again, the underlying mechanisms mandate further study.

There are some limitations to this study. (1) Based on van Rooij's[@bib48] study on miR-29b mimics' pharmacokinetics, the miRNA mimics remained elevated only for 2--3 days after delivery. In our own prior experience with miR-101a mimics, we confirmed that the miRNA level had returned to baseline 1 week after the last injection.[@bib42] In this study, the treatment strategy was carefully designed as 2 injections at day 0 and day 3 post-MI. The rationale was to keep miR-221 levels elevated throughout the first week post-MI, which could induce beneficial changes in the acute phase of MI. The long-term benefits would be secondary effects of improved cardiomyocyte survival and favorable fibrotic remodelling. However, miR-122 antagomiRNA, the first miRNA clinical trials of the treatment of hepatitis C, was given at a weekly interval.[@bib49] To optimize the miRNA therapeutic effects, the miRNA level in the heart should be monitored. (2) Cell number of cFBs could be a mixed effect of cell proliferation and survival. In this study we demonstrated that miR-221 protected cFBs against H/R injury. Whether miR-221 regulates cFB proliferation and what are the anti-fibrogenic mechanisms are unknown. (3) miR-221 is known as an oncomiRNA. High levels of miR-221 are associated with cancer cell proliferation and metastasis, due to the direct targeting of p27, a well-known cell cycle inhibitor.[@bib50] However, data also show that the expression of p27 in healthy tissue does not correlate with the expression of miR-221.[@bib51] Therefore, a clear understanding of the miR-221 regulation on cell proliferation and possibly oncogenesis is clinical relevant. (4) To fully understand the effects of miR-221 in the regulation of autophagy, autophagy flux should be studied. All of these topics warrant further investigation.

In conclusion, we have demonstrated that miR-221 enhances cardiomyocyte survival, in the setting of H/R, through reduced apoptosis and autophagy, while reducing cFB death through the inhibition of autophagy alone. miR-221 promoted increased numbers of cFBs showing a unique anti-fibrotic profile, that is, reduced α-SMA expression and collagen secretion. miR-221 therapy reduces infarct size and cardiac fibrosis, with amelioration of adverse LV remodeling and preservation of cardiac function in a rat MI model.

Materials and Methods {#sec4}
=====================

Animals {#sec4.1}
-------

Female Sprague-Dawley rats (240--330 g) were used for primary cFB isolation. Male Sprague-Dawley rats (170--220 g) were used for MI *in vivo* studies. All rats were kept in a temperature-controlled room (21°C ± 2°C) with 12-h light and dark cycle. Water and diet were available *ad libitum*. Protocols were approved by the Institutional Animal Care and Use Committee of the National University of Singapore, and they complied with the Guide for the Care and Use of Laboratory Animals published by the NIH (Publication 85-23, Revised 1996). Rat cardiac myoblast H9c2 cells were purchased from ATCC (Bio-REV, Singapore). The 25^th^--30^th^ passage cells were used in this study. Chemicals and reagents were purchased from Sigma-Aldrich (Singapore) if not otherwise indicated.

H/R and Cell Injury Assessment {#sec4.2}
------------------------------

The method of isolating cFBs from adult rat hearts has been reported previously.[@bib20] 2.5 mg/mL collagenase II and 80 U/mL DNase I (Worthington Biochemical, i-DNA Biotechnology, Singapore) were used to digest the tissue. Only passage 1 (p1) cells were used in this study. H/R injury was modeled by incubation of cells in serum-free DMEM with low glucose (1 g/L) and 0.2% oxygen (BioSpherix) for 24 h, followed by 2-h re-oxygenation in growth medium. 25 nM miR-221 mimic (miR-221) or mimic control (MC) was transfected using Lipofectamine RNAiMAX (Thermo Fisher Scientific, Singapore) 24 h before the start of H/R.[@bib7]

LDH activity was measured in hypoxia culture supernatants as a marker of cell injury (TOX-7 kit, Sigma-Aldrich, Singapore). Cell number, apoptosis, and MMP were assessed using MUSE cell analyzer with Annexin V and 7-aminoactinomycin D (7-AAD) double staining and Mitopotential assay kit (Merck Millipore, Singapore).[@bib7], [@bib52]

The Assessment of Collagen Secretion and Collagen Gel Contraction {#sec4.3}
-----------------------------------------------------------------

In brief, following serum starvation and miR-221 or MC transfection, cFBs were further cultured in serum-free medium with 1% insulin-transferrin-selenium and 0.22 mM ascorbic acid supplements for 7 days. Collagen secretion into the culture medium was measured by the Sircol collagen assay (Biocolor, Axil Scientific, Singapore).[@bib20]

cFB suspension and transfection complexes were mixed with collagen gel solution (ibidi, Sciencewerke, Singapore). After solidification, the gel was incubated in 2% fetal bovine serum (FBS) DMEM for 48 h. The gels were released from the culture well for photography. Contraction was presented as the percentage reduction of gel area over the entire culture surface.

The 3′ UTR Luciferase Reporter Assay {#sec4.4}
------------------------------------

cDNA of the 3′ UTR of *Tp53* was prepared by qPCR and cloned into psiCHECK-2 dual luciferase reporter plasmid (Promega, Singapore). The primer sequences are as follows: forward, 5′-CCGCTCGAG CAGCCTCTGCATCCTGTC-3′; and reverse, 5′-ATAAGAATGCGGCCGC ACAAGTGGTAACAAAAGTTTATTGT-3′. This 3′ UTR sequence has two non-conventional binding sites of miR-221. miR-221 sensor, the complementary binding sequence to miR-221, served as a positive control. Q5 Site-Directed Mutagenesis Kit (New England Biolabs, Singapore) was used to mutate the binding sites and confirm the specificity. The luciferase reporter plasmid was co-transfected with the miR-221 or MC into HeLa cells. Results were expressed as the ratio of Renilla:Firefly luciferase activities using Dual-Glo luciferase assay system (Promega, Singapore).[@bib8]

*In Vivo* MI Model and miR-221 Mimic Delivery {#sec4.5}
---------------------------------------------

Rats were anesthetized with ketamine and xylazine (75 and 10 mg/kg, respectively, intraperitoneally \[i.p.\]), intubated, and ventilated. The chest was opened by an incision between the left third and fourth ribs. The left anterior descending coronary artery (LAD) was ligated using a 7/0 polypropylene suture. The chest was closed. An identical surgical procedure without LAD ligation was carried out to generate a sham control group (sham).

The miR-221 and Invivofectamine 3.0 (Thermo Fisher Scientific, Singapore) complex of 1 mg/kg miR-221 in 800 μL volume or equal volume of PBS was given via a tail vein injection. Each rat received 2 injections immediately after LAD ligation and 3 days post-surgery (MI +miR-221). PBS was injected as a control (MI-Ctrl). Hearts were collected at days 2, 7, and 30 post-MI.

Cardiac function was monitored by echocardiography (MS250 transducer, Vevo 2100, FUJIFILM VisualSonics, ITS Science and Medical, Singapore) before and 2, 7, 14, and 30 days post-MI under isoflurane (1.5%--2%) anesthesia. At day 30, rats were anesthetized with pentobarbital (60 mg/kg, i.p.) for LV function assessment. A Millar Mikro-Tip pressure catheter (Millar, Houston, TX, USA) was inserted through the right carotid artery into the LV to assess cardiac function, e.g., LV developing pressure, end diastolic pressure, ±dP/dt, and heart rate (Powerlab data acquisition system, ADInstruments, Advanced Tech, Singapore).

Histology {#sec4.6}
---------

Hearts of day 2 and day 7 post-MI were dissected to collect infarct, border-zone, and remote myocardium, which was snap frozen in liquid nitrogen for protein and RNA analysis. Hearts at day 7 and day 30 post-MI were fixed in 10% neutral buffered formalin for histology. The mid-myocardium was cut into 5-μm sections and stained with Masson trichrome or picro-sirius red (Sigma-Aldrich, Singapore) plus immunofluorescence staining for α-SMA (clone 1A4; Sigma-Aldrich, Singapore) and DAPI (Thermo Fisher Scientific, Singapore). Bright-field and fluorescent images were captured (Nikon Eclipse Ti inverted microscope with C-HGFIE pre-centered fiber illuminator, Nikon, Singapore) and analyzed using ImageJ 1.45 s.[@bib37]

miRNA Stem-Loop qPCR and mRNA qRT-PCR {#sec4.7}
-------------------------------------

RNA was extracted with TRIzol Reagent followed by DNase I treatment (Invitrogen, Life Technologies, Thermo Fisher Scientific, Singapore). miRNA expression was determined by stem-loop qPCR (TaqMan MicroRNA Assay, QuantStudio 7 Flex Real-Time PCR System, Thermo Fisher Scientific, Singapore) and normalized to U6B. Gene expressions were measured by universal reverse transcription and real-time PCR (iScript RT Supermix, iTaq Universal SYBR Green Supermix, Bio-Rad, Singapore), and they were normalized by β-actin. Primers are listed in [Table S1](#mmc1){ref-type="supplementary-material"}.

Western Blots {#sec4.8}
-------------

Protein expression in cell or tissue lysates was analyzed using SDS-PAGE and immunoblotting with the following different antibodies: phospho-p53 (Ser46), Bmf (GeneTex, Axil Scientific, Singapore), β-actin, t-p53, p- and t-Smad 2/3, Bak1, Puma (Santa Cruz Biotechnology, Axil Scientific, Singapore), Tp53inp1, Ddit4 (Sigma-Aldrich, Singapore), P62, LC3, and cleaved caspase-3 (Casp-3) (Cell Signaling Technology, Research Biolabs, Singapore).

Statistics {#sec4.9}
----------

Data were compared for differences by one-way ANOVA followed by Bonferroni post hoc analysis or unpaired two-tailed t test as appropriate (Prism; Graph Pad, La Jolla, CA, USA). Two-way ANOVA repeated measurement with Bonferroni adjustment was used for analysis of serial measurement of echocardiography. Values were expressed as mean ± SD. Differences between groups were regarded as significant at the p \< 0.05 probability level.
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